The Ag-Cu-In thermodynamic material system is of interest for brazing alloys and chalcopyrite thin-film photovoltaics. To advance these applications, AgCu-In was assessed and a Calphad model was developed. Binary Ag-Cu and Cu-In parameters were taken from previous assessments, while Ag-In was reassessed. Structure-based models were employed for b-bcc(A2)-Ag
Introduction
The Ag-Cu-In system has been of interest for the theory of alloys [1] and for lead-free solder materials [2] . Wide ranges of Ag-Cu-In compositions have been identified as alloys useful for brazing [3] [4] [5] . The system has also begun to receive attention as a possible precursor material for fabricating chalcopyrite thin-film absorber-based solar cells with higher opencircuit voltages and lower processing temperatures [6, 7] . The thermodynamics of Ag-Cu-In (and AgCu-Ga-In) are particularly important for metal precursor films, as well as the chalcogenization process and resulting photovoltaic performance [8] [9] [10] [11] [12] . The thermodynamic properties of the binary constituent alloy systems have been extensively characterized experimentally and with Calphad models [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . The eight experimental reports on Ag-Cu-In alloys had substantial discrepancies [1, 2, [28] [29] [30] [31] [32] [33] . The AgCu-In system was assessed as part of the COST 531 thermodynamic database for lead-free solders [34] , but the methods and results of that commercial database have not been freely published. A Calphad model for Ag-Cu-In has been previously developed as part of a larger self-consistent Ag-Cu-In-Sn database [23] . However, it was unclear to what data the 43 ternary Ag-Cu-In parameters were optimized in that work, besides liquid activity data [2] , for which a comparison was presented between experimental and calculated results [23] . Furthermore, an experimental report [31] published after the previous optimization was not predicted well by that model. In light of the importance of the material system and the marked experimental inconsistencies, a careful thermodynamic re-assessment and Calphad model optimization is warranted.
Literature overview Ag-Cu
Multiple thermodynamic assessments of the Ag-Cu system [13] [14] [15] [16] [17] [18] [19] [20] [21] have been performed against the extensive experimental data. A very recent assessment [17] has given more weight to electromotive force (emf) measurements of Cu activity in a-fcc(A1)-(Ag) and of the a-fcc(A1)-(Ag) solvus [35] , liquid activity data [36] , and liquid mixing enthalpy data [37] . The use of emf in the determination of the solvus boundary is expected to be more accurate than the more commonly used non-equilibrium technique of scanning calorimetry, so the only Ag-Cu model optimized against these data has been used here without modification [17] .
Ag-In
Multiple Calphad assessments of the Ag-In system have previously been published [22] [23] [24] [25] [26] . However, one of these did not present the optimized parameters [22] , and another only assessed the liquid phase [24] . The similar assessments of Korhonen and Kivilahti and of Moser et al. both employed Redlich-Kister models for the liquid, afcc(A1)-(Ag), and f-hcp(A3) phases [25, 26] . They also both modeled the c-Ag 9 In 4 and AgIn 2 phases as line compounds and omitted the high temperature, narrow composition range b-bcc(A2)-Ag 3 In phase. The most recent assessment, by Gierlotka, included the b phase and used a sublattice model for the c-Ag 9 In 4 phase to account for its experimentally observed single-phase compositional homogeneity range [38] [39] [40] [41] . The c-Ag 9 In 4 phase's structure is known to be that of a '9/4 c-brass' [42] , so the conventional 'Ag 2 In' label was not used here. Although thermal transitions have been observed at 150-200°C on the Ag-rich side of the f phase [26, [38] [39] [40] [41] , accompanied by evidence of different structure(s) [30, [39] [40] [41] 43] , the exact nature of the separate phase(s) and their stability status remains unresolved. Therefore, the f phase itself was assumed to encompass this region for modeling purposes, in line with all previous assessments. A compilation of experimentally observed invariant reactions for Ag-In is given in Table 1 .
Cu-In
The model from a recent re-assessment of the Cu-In system has been used here without modification [27, 44] . That model employed the liquid and Cu 11 In 9 phase models from a previous assessment [45] , combined with new or modified models for the afcc(A1)-(Cu), b-bcc(A2)-Cu 4 In, d-Cu 7 In 3 , c-Cu 9 In 4 , g-HT-Cu 16 In 9 , and g-LT-Cu 16 In 9 phases to obtain excellent fit to thermodynamic property and phase equilibrium data. Structure-based sublattices were also used in each phase model, so more physically realistic extrapolations may be expected [46] . Specifically, the c-Cu 9 In 4 phase was modeled as Cu 5 (Cu,Va)(Cu,In) 3 (Cu,In) 3 In to be self-consistent with the previous assessment of the Cu-Ga-In system [27] . This sublattice model was based on the site occupancies of c-Cu 9 Ga 4 [47] and was used to fit experimentally observed c-Cu 9 (Ga,In) 4 solubility.
Ag-Cu-In
The first reports on Ag-Cu-In, by Gebhardt and Dreher, used high-temperature equilibration and quenching of alloys, optical microscopy, differential thermal analysis (DTA), XRD, and conductivity measurements to study the system at compositions \ 40 wt% In [28, 29] . Isopleths at 10, 20, 25, and 30 wt% In, isothermal phase diagrams at 723, 773, and 823 K, and a liquidus projection were constructed in that work. Six invariant reactions were also identified, with phase compositions reported for 4 of those (see Table 2 ). The subsequent study by Woychik and Massalski used high-temperature equilibration and quenching of alloys, optical microscopy, XRD, and electron microprobe analysis (EPMA) [1] . Isotherms at 778 and 949 K were constructed as well as a surface of primary solidification. A ternary eutectic reaction at Ag 1.3 Cu 2.4 In 96.3 and undetermined temperature was identified, which was inferred to be L $ AgIn 2 ? Cu 11 In 9 ? (In). This was taken to be the reaction observed at 420 K by Bahari et al. [30] . The most extensive experimental investigation used XRD, differential scanning calorimetry (DSC), and EPMA to present results from 235 different Ag-Cu-In alloys [30] . That report included 13 isopleths, 2 isotherms, and a projection of the liquidus surface. Temperatures and participant phases were identified for 12 different ternary invariant reactions. Another experimental report [2, 33] . A recent study on surface tension of molten alloys and mechanical properties of solidified alloys measured the solidus and liquidus temperatures at 5 compositions [32] . A patent also mentioned the solidus and liquidus at the eutectic Cu-In composition plus 15 wt% In [3] . A recent study using high-temperature equilibration and quenching of alloys, scanning electron microscopy (SEM), EPMA, and XRD mapped the 573 K isotherm [31] . The only other data at this temperature were from Bahari et al., and the two studies were in agreement. Another recent study included DSC data on phase transitions at 5 compositions [48] . The Calphad assessment of Gierlotka used 43 ternary parameters to achieve excellent fit to Ag-CuIn activity and enthalpy data [23] . The calculated 783 K isotherm also presented in that work was in qualitative agreement with the experimental 783 K isotherm drawn by Bahari et al. [30] . Finally, the previous model's calculated liquidus projection agreed well with the slow-cooled solidification data of Woychik and Massalski [1] . However, the significant inconsistencies among the experimental Ag-CuIn reports (discussed below) were not addressed in the previous assessment [23] .
Thermodynamic assessment

Ag-In
Liquid
There exist 7 separate reports of Ag-In liquid phase activity measurements at various temperatures by different techniques [24, [49] [50] [51] [52] [53] [54] . The measurements of Nozaki, Shimoji, and Niwa showed very large deviations from all the other reports and were not considered [52] . There are also 4 reports of liquid enthalpy measurements by calorimetry at different temperatures [55] [56] [57] [58] . The report by Béja and Laffitte of mixing enthalpies at 773 K was inconsistent with other data [55] and so was excluded by Castanet et al. [56] as well as in this work. The liquid phase has been further characterized by 7 different experimental reports of the liquidus boundary in the T-x phase diagram [26, 30, [38] [39] [40] [41] 59 ]. The earlier measurements of Bahari et al. [38] were in disagreement with their subsequent report [30] , as well as other reports, and were therefore excluded from the assessment (see Fig. 1 ). Unfortunately, all of the remaining data are not mutually consistent. It was found that the liquidus boundary and all enthalpy data could be fit very well if only the activity at 1000 K [51] was included in the optimization. Many activity [24] electrolytes, and Knudsen cell mass spectrometry [49, 54] ) were apparently inconsistent with each other and with the other measurements. It is unclear whether errors arose due to unanticipated indium oxidation states, highly volatile indium halide species, interfacial oxide formation, or vapor pressure miscalibration. The fit obtained by Gierlotka for the liquid phase could not be improved upon, so those Redlich-Kister parameters were used here without modification [23] .
a-fcc(A1)-(Ag)
The terminal a-fcc(A1)-(Ag) solid phase incorporated up to 18-21.3 at.% In, according to multiple phase boundary studies [26, 30, 38, 40, 41, 43, 59] . Published thermochemical data for this phase include enthalpies measured by calorimetry at 317 and 723 K [58, 60] , as well as In activities evaluated via optical atomic absorption-determined vapor pressures [61] , by emf with ThO 2 -Y 2 O 3 electrolyte [62] , and by a gas-solid equilibrium technique [62] . The data of Alcock et al. [62] were found to be relatively inconsistent with the other measurements. The subregular solution models of both Gierlotka [23] and Moser et al. [26] resulted in good fit to all of the other data, while the former required one fewer parameter and so has been used here without modification.
f-hcp(A3)
The single-phase boundary of f was reported by Campbell, Wagemann, and Ferguson to extend up to 47.6 at.% In [39] , while other reports claimed 38.7 [30] , 35.1 [26] , 32.7 [41] , and 32.4 at.% In [40] . The final values listed were in relative agreement and were considered here to be correct, as in previous assessments [23, 26] . Enthalpy data from calorimetry have been reported at 2 compositions [63] . The data at 25.5 at.% In clearly indicated a phase transition at 493 K. This was the most disputed area of the phase diagram and may correspond to an order-disorder (f 0 $ f) transition [63] , a transition involving 1 or 2 metastable hcp phases [64] , a transition involving 2 equilibrium phases ( [30, 40, 41] . The models of Gierlotka and Moser et al. obtained good fit to the enthalpies below that temperature and poor fit to those above it. It is likely that the low-temperature specimen contained multiple and/or metastable phase(s), so the high-temperature enthalpy data were expected to be more reliable. However, good fit to the phase boundaries and invariant reactions was only possible when the hightemperature data were poorly fit, so the f model of Gierlotka has been used here without modification ( Fig. 1 and Table 1 ).
c-Ag 9 In 4
The c-Ag 9 In 4 phase has been reported to have a compositional homogeneity range of * 0.5 [40, 41] , * 1.5 [30] , and * 2.5 at.% [26, 39] . Wallbrecht et al. [63] have also reported enthalpy data for c-Ag 9 In 4 at 33 at.% In. While Moser et al. used a stoichiometric model, the data were better fit with Gierlotka's sublattice model (or compound energy formalism) of Ag 0.654 (Ag,In) 0.115 In 0.231 [23] . As the site occupancies of c-Ag 9 In 4 have not been determined unambiguously [42] , the choice of sublattice was subjective. In order to give more physically realistic extrapolations [46] , an Ag 6 (Ag,In) 3 (Ag,In) 3 In sublattice model was chosen for c-Ag 9 In 4 based on the unambiguous structures of analogous phases: the analogous Au gamma brass (c-Au 9 In 4 ) has site occupancies best suited to that sublattice [42] , making Ag-Au-In extrapolation straightforward. The analogous c-Cu 9 Ga 4 site occupancies [47] were also modeled with a similar, but more complex Cu 5 (Cu,Va)(Cu,In) 3 (Cu,In) 3 In sublattice [27] . The optimized c-Ag 9 In 4 phase model exhibited a maximum 2.8 at.% In homogeneity range ( Fig. 1 ) and fit the enthalpy data well (Fig. 2) .
b-bcc(A2)-Ag 3 In
The high-temperature b-bcc(A2)-Ag 3 In phase only existed over a small compositional and temperature range in the T-x phase diagram. While Moser et al. have excluded b from their model, the Redlich-Kister model employed by Gierlotka predicted the phase existence region well. The parameters of Gierlotka were slightly modified in this work to better match the a ? L $ b peritectic reaction (see Table 1 ).
AgIn 2
The AgIn 2 phase has not been shown to have any equilibrium compositional homogeneity range. The stoichiometric compound parameters of Gierlotka have been slightly modified to obtain better fits to the c-Ag 9 In 4 ? L $ AgIn 2 peritectic and L $ AgIn 2 ? In eutectic reactions (see Table 1 ).
Summary
In all, 3 phase descriptions were modified: b-bcc(A2)-Ag 3 In, c-Ag 9 In 4 , and AgIn 2 (see Table 3 ). The c-Ag 9-In 4 phase had good fit to enthalpy data [63] (see Fig. 2 ), as well as phase boundary data (see Fig. 1 ). The fit to all invariant reactions has been improved, as can be seen in Table 1 . All phase models in this work used the pure Gibbs energy functions relative to the respective standard elemental reference enthalpies published by Dinsdale [65] .
Ag-Cu-In
Considered data c-Ag 9 In 4 and c-Cu 9 In 4 have the same structure according to Brandon et al. [42] , Che and Ellner [66] , and inorganic crystal structure database calculated powder diffraction file (PDF) #01-072-8781. Complete miscibility of these c phases was reported by Woychik and Massalski [1] . However, an earlier study and a more recent study both indicated that complete solubility did not occur at equilibrium [29, 30] . This extensive single-phase c region was the primary inconsistency of Woychik and Massalski's study, with the rest of their data falling in line with Gebhardt and Dreher and with Bahari et al. Gebhardt and Dreher's 773 K isotherm displayed 2 b regions (at Agrich and at Cu-rich compositions), while Woychik and Massalski's 778 K isotherm instead showed a large c single-phase domain in this region. In the 783 K isotherm of Bahari et al., this region consisted of c-Cu 9 In 4 and a-(Ag), and either b-Cu 4 In or liquid (very similar to the calculated isotherm presented in Fig. 4) . The reason for this departure could be related to the shorter equilibration times employed (Woychik and Massalski used 14 days at 778 K, while Gebhardt and Dreher used 24 and 35 days at 823 and 723 K, respectively), the acknowledged unidentified XRD peaks, or a possible mistake in c structure assignment: '…the c-phase has a bcc space lattice' [1] . If the c structure was taken to be body-centered where it is actually primitive (P-43m space group [42] ), this could have resulted in the misattribution of b-bcc(A2) peaks to c phase peaks. Further experimental investigation would be required to reconcile the disparity, although it is noted that c-Ag 9 In 4 occurs at low temperature (300-570.9 K), while c-Ag 9 In 4 occurs at much higher temperature (885.4-957.5 K). The more Temperature (°C) Figure 2 Calculated enthalpies of Ag 67 In 33 for the most stable system (blue solid line includes 3 mol% AgIn 2 at 300 K) and for pure, metastable c-Ag 9 In 4 (black dashed line), with overlaid experimental data (circles) [63] . Reference states are Ag 67 In 33 at 300 K. 
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The temperature range for all models is 298-3000 K. Underlined constituents indicate a sublattice's primary occupant extensive study by Bahari et al. was considered here to be correct, and so the two c phases were modeled separately. The Ag-Cu-Ga-In system, which is of interest for thin-film photovoltaics, has similarly been assessed using separate models for c-Ag 9 In 4 and cCu 9 (Ga,In) 4 [44] . The invariant reactions in the Ag-Cu-In system determined by Gebhardt and Dreher (Table 2) were entirely inconsistent with those measured by Bahari et al. (Table 4 4 In structural analogs would cause substantial XRD peak shifts [42, 66, 67] . The resulting peak overlap of the P-43m (SG#215) and Im-3m (SG#229) phases could have led to misattribution (see PDF#s 01-071-0128, 00-042-1476, 00-065-4208, and 00-042-1477). Due to a lack of reported experimental details such as XRD peaks, reference patterns, or structures, it can only be speculated that a mistake in phase assignment led to multiple erroneous conclusions in the work of Gebhardt and Dreher and of Woychik and Massalski.
The experimental diagrams of 13 different isopleths were presented in the extensive study by Bahari et al., but only 12 of the 20 posited invariant reactions were observed, and phase compositions were reported for only 2 of those [30] . For each invariant reaction observed by Bahari et al., compositional data from every isopleth exhibiting that transition were examined in this work collectively on a ternary isotherm. In this way, estimates for phase compositions participating in the reactions could sometimes be triangulated by assuming the invariant reaction plane boundaries fell between alloys which exhibited the thermal transition and alloys which did not. The compositional data were reported for the reactions at 783 and 880 K, so these were given the highest certainty. Nothing could be inferred from the reactions observed in only 1 or 2 isopleths-those at 755, 834 and 876.7 K. The reactions at 762 and 768 K both showed some inconsistency in the line connecting a-(Ag) and b-Cu 4 In. The reactions at 737 and 757 K could also not be assigned compositions with any reasonable amount of certainty. The data for the reaction at 607 K were relatively consistent, and permitted rough estimates of phase compositions (see Table 4 ). The largest uncertainty for this peritectic plane was the composition of c-Ag 9 In 4 , a phase which was not allowed ternary solubility in Gierlotka's model [23] . Similarly, the peritectic plane at 589 K was fairly well defined (see Table 4 ), while the composition of Cu 11 In 9 was uncertain, a phase which again was modeled as a strictly binary phase by Gierlotka. A similar situation occurred at 488 K with AgIn 2 . All 3 of these ternary peritectic temperatures were significantly higher than their respective binary peritectic temperatures: at least 33 K higher for c-Ag 9 In 4 , at least 10 K higher for Cu 11 In 9 , and at least 45 K higher for AgIn 2 . Although these phenomena could be related to superheating, subsequent data [31] suggested that they were a result of stabilized ternary solutions.
Six of the solidus and liquidus data of Sisamouth et al. [32] were not in particularly good agreement with 5 compositions measured and 1 composition interpolated previously by Gebhardt and Dreher [28] . Sisamouth [48] were in line with previous reports [2, 3, 28, 30, 32] .
The 573 K isotherm of Haque and Gierlotka was in good qualitative agreement with the results of Bahari et al. The Cu-In binary a-(Cu), d, g-HT, and Cu 11 In 9 compounds were all found to contain * 6-7 at.% Table 4 Summary of experimentally measured Ag-Cu-In invariant reactions of Bahari et al. [30] , compared with calculated reactions, their temperatures and the compositions of the phases involved (in bold) These ternary solid solutions (c-(Ag,Cu) 9 In 4 and (Ag,Cu) 11 In 9 ) decomposed at higher temperatures [30] , relative to their binary system counterparts. The AgIn 2 compound was assumed to exhibit analogous behavior [30] , so ternary solubility was considered.
The reports of Bahari et al. and of Haque and Gierlotka were given the most weight in the assessment. Although Bahari et al. did not use high-temperature equilibration, the extensive range of data at different compositions and temperatures was assumed to have provided an advantage in synthesizing self-consistent phase diagrams (13 isopleths; 2 isotherms; surface of primary solidification). These were the only two reports with mutually consistent phase diagrams. The thermodynamic data of Wierzbicka-Miernik were also considered, incidentally making the model based on the 3 most recent studies. Although the liquidus projections and surfaces of primary solidification of all the experimental studies were mostly in good qualitative agreement [1, 2, 29, 30, 32] , these data were not explicitly included in the optimization.
Results
All calculations utilized Pandat software with a global Gibbs energy minimization algorithm to arrive at standard, repeatable results while dispelling the need for non-standardized starting guesses, avoiding convergence on metastable solutions [68] , and revealing potential unrealistic behavior of functions at high or low temperature [46] . Ternary calculations used symmetric Muggianu extrapolations of constituent binary model Gibbs energies [69] . On assembling the Ag-Cu, Ag-In, and Cu-In constituent models into one database, b and f phase binary mixing parameters were added to avoid their unrealistic inclusion in the Ag-Cu T-x phase diagram (see Table 3 ). In addition to these, 26 new ternary parameters were optimized against the extensive ternary data. The compound energy (or sublattice) formalism was used, which for a general (A,B,…) m (U,V,…) n compound is as follows [70] :
Here G u is the Gibbs energy per mole of the u phase, i is a component on the first sublattice, q is a component on the second sublattice, y 0 i is the mole fraction of component i on the first sublattice, y 00 q is the mole fraction of component q on the second sublattice, G u i:q is the standard Gibbs energy per mole of the end-member with pure i on the first sublattice and pure q on the second sublattice, R is the gas constant, T is absolute temperature, m is the stoichiometric coefficient of the first sublattice, n is the stoichiometric coefficient of the second sublattice, m is the parameter order, and m L u i;j:q is the mixing parameter for i and j on the first sublattice with pure q on the second sublattice. In Eq. (1), the first term accounts for mechanical mixing of the phase's components, the second term is configurational entropy, and the final two terms are the excess Gibbs energy of mixing, which results from chemical interaction of the phase's components. Binary mixing parameters for ternary compositions were optimized for the d, cAg 9 In 4 , c-Cu 9 In 4 , g-HT, AgIn 2 , and Cu 11 In 9 sublattice models [71] , e.g.:
Here G d is the Gibbs energy per mole of the d phase
In is a mixing parameter whose optimal value is listed in Table 3 . In this case, the second sublattice had only 1 component, so its mole fraction (y 00 In ) was unity and has therefore been omitted. The a, b, f, and liquid phases used substitutional solution (or Redlich-Kister [72] ) models, where the order (0, 1, or 2) of the ternary mixing parameters referred to a ternary index [73] , e.g.:
Here x i is the mole fraction of component 'i.' Good fit to Haque and Gierlotka's 573 K isotherm was obtained (Fig. 3) , with the most significant inconsistencies being the single-phase a-(Ag) and cAg 9 In 4 points, and the two-phase a-(Ag) ? f point. Exact fit of the chosen models to these data was found to be inconsistent with the invariant reactions and isotherms of Bahari et al. Excellent fit to the 783 and 880 K isotherms of Bahari et al. was achieved (Figs. 4 and 5, respectively) . Furthermore, good fit to the isopleth diagrams of Bahari et al. was realized (Fig. 6, S1, S2, S3, and S4) .
Calculated invariant reactions were in excellent agreement with 9 reactions reported by Bahari et al. (880, 783, 762, 757, 737, 607, 589, 488 , and 420 K reactions in Table 4 ), with the most notable discrepancy being the calculated c-Ag 9 In 4 ? L $ g-HT ? f reaction occurring at 607 K in place of the reported cAg 9 In 4 peritectic reaction. Prediction of the peritectic reaction was inconsistent with simultaneous fit to Haque and Gierlotka's 573 K isotherm (specifically the large f ? Cu 11 In 9 ? L 3-phase field) and retention of the 589 K reaction participant phases. Here, the long-term equilibration of Haque and Gierlotka was embraced over the particular type of reaction inferred from thermal transition data. Notably, the participant phases in each of these 9 reported reactions were calculated correctly. The reaction at 420 K was reported as AgIn 2 ? L $ Cu 11 In 9 ? (In) by Bahari et al. [30] , but the model predicted a eutectic reaction at Ag 1.8 Cu 0.6 In 97.7 (Table 4) , in close agreement with Woychik and Massalski [1] .
Three experimentally observed invariant reactions were not predicted by the thermodynamic model. absence in the 783 K eutectic L $ a-(Ag) ? b ? cCu 9 In 4 reaction, which were both given more weight than the 768 K reaction. The 755 K reaction was also not predicted by the model, as a 2-phase d ? f region was disallowed by the relative stabilities of a-(Ag), d, c-Cu 9 In 4 , and liquid at this temperature. The 755 K reaction was given less weight because it was only observed by 7 total thermal events from 4 different isopleths, and it had very close proximity to the 757 K reaction, which was also observed in each of those isopleths. Most of the invariant reactions that were proposed by Bahari et al. but not observed experimentally were not predicted by the model, with the exception of the c-Ag 9 In 4 ? g-HT $ g-LT ? Cu 11 In 9 reaction (Table 4 ). This reaction was expected between the ternary AgIn 2 peritectic at 488 K and the g-HT eutectoid reaction at 579 K in the Cu-In binary system. It was predicted by the model to actually be the ternary eutectoid g-HT $ c-Ag 9-In 4 ? g-LT ? Cu 11 In 9 , and to occur within the reported temperature range (529.4 K).
The quantitative fit to the entire liquid activity dataset has been improved over Gierlotka's model (Figs. 7, 8, 9 ). The model of Gierlotka, on the other hand, had a better quantitative fit to the entire enthalpy dataset (Fig. 10, 11, 12 ). However, it was found that achieving a good fit to phase equilibrium and activity data was only consistent with either the 1173 K enthalpy data or the 1273 K data, and not both at once. The lower temperature enthalpy data were found to be compatible with the invariant reactions used in this optimization. Therefore, the [23] , and overlaid emf data at 1173 K (blue downward triangles) and 1273 K (red upward triangles) [2] .
present model had a better fit to the 1173 K enthalpy data, while that of Gierlotka favored the 1273 K enthalpy data. A projection of the liquidus is presented in Fig. 13 , along with isothermal contours of the liquidus surface. Three studies reported extensive liquidus data for ternary Ag-Cu-In alloys. The data were mostly mutually consistent. As evidenced by the sum of square errors for every alloy's liquidus temperature in Table 5 , the optimized database predicted the liquidus for the complete set of alloys better than the model of Gierlotka. Where the solidus and liquidus measurements of Sisamouth et al. [32] have been previously measured [2, 3, 28] , the values calculated with the present model were in better agreement with the former in 7 out of the 9 cases. Although the model was not explicitly optimized against liquidus data, the improved fit is indicative of the model's sound physical basis.
Conclusion
Three out of six intermetallic phase models were reoptimized for the Ag-In system to obtain better fit to thermodynamic and invariant reaction data while using a structure-based sublattice model for c-Ag 9 In 4 . Structure-based models have been used in the present Ag-Cu-In optimization, and only 29 ternary AgCu-In parameters were used, compared to the previous assessment's 43 parameters. The fit to liquid activity data has been improved. The present model fit the lower temperature enthalpy data more closely, while that of Gierlotka was more in line with the higher temperature data. Ten invariant reactions identified experimentally by Bahari et al. were correctly predicted by the model to within 2 K, with participant phase compositions also in agreement. The optimized model also displayed excellent qualitative agreement to the 573 K [31] , 783 K, and 880 K [30] experimental isotherms. The model will aid in the development of brazing alloys and chalcopyrite thin-film photovoltaics. 
